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ABSTRACT
In contrast to well-studied mechanisms of drought tolerance in plants, the
interactions between plants and their microbiome during water stress are still poorly
understood. This missing knowledge is crucial for the exploitation of beneficial microbial
communities to improve the sustainability of agriculture under changing climatic
conditions. The research described here bridged this gap by focusing on the molecular
interactions between beneficial rhizobacterium Pseudomonas synxantha 2-79 and annual
grass Brachypodium distachyon Bd21. 2-79 exemplifies a group of rhizobacteria
associated with dryland wheat, while B. distachyon originates from the Middle East and
has emerged as a model for valuable biomass, food, forage, and turf crops. The
experimental system was used to test the hypothesis that the adaptation of rhizobacteria
to water stress is mediated by the exchange of metabolites between the host plant and its
microbiota. Results revealed that Brachypodium root exudates contain a mixture of plant
metabolites that serve as carbon and energy sources for rhizobacteria and include
compounds that act as osmoprotectants and may help rhizobacteria maintain
physiological activity and mutualistic interactions with their plant host in dry soils. The
genome of P. synxantha 2-79 encodes numerous pathways involved in de novo synthesis
and uptake of osmoprotectants and formation of biofilms for protection from desiccation.
Some of these pathways are conserved across many taxa, while others are strain-specific
and may contribute to the differential affinity toward plants growing in under different
soil water regimens. Future studies will inactivate these pathways and test resultant
mutants for rhizosphere fitness under drought stress.
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CHAPTER I - INTRODUCTION
1.1 Plant-microbe interactions under water stress
Over 30% of the earth’s surface is arid, and most models of climate change
predict future increases in drought length and severity that will adversely affect plant life
(IPCC, 2007). The reduction in seed germination, plant growth, and yields caused by
drought and excessive salinity in semi-arid and arid soils will have profound implications
on the ability of agriculture to meet the 21st century’s demands for sustainably produced
food, feed, fiber, and fuel (Fedoroff et al., 2010). Plants are sessile organisms and have
developed multiple physiological and molecular mechanisms to overcome adverse effects
of water stress including stomatal closure to reduce water loss and production of abscisic
acid, reactive oxygen species, and ethylene (Osakabe et al., 2014; Forni, 2016). Plants
also actively select and foster root-associated microbial communities that enhance
resistance to drought by facilitating nutrient uptake, stimulating growth development,
suppressing pathogens and modulating stress hormone levels (Berendsen et al., 2012; Lau
& Lennon, 2012). The ability of the plant microbiome to positively influence plant fitness
in response to stressors associated with global climate change (e.g., drought, salt,
temperature, and soil pollution) is documented in numerous studies. For example, a study
by Lau & Lennon (2012) demonstrated that continuous cultivation of Brassica rapa
under drought stress significantly altered the composition of the soil bacterial and fungal
community. Plants grown in association with such a drought-adapted community
maintained higher fitness under drought stress. Another study focused on the desert
farming systems in North Africa revealed that pepper cultivated in arid soils attracted

1

specific types of rhizobacteria that enhanced photosynthetic activity and plant biomass
synthesis (up to 40%) under drought stress (Marasco et al., 2012).
The capacity of rhizobacteria to alleviate the detrimental effect of abiotic stress is
a multifactorial phenotype. Beneficial rhizobacteria improve the nutritional status of the
host plant by solubilizing inorganic phosphate, fixing inorganic nitrogen, and secreting
iron-chelating siderophores (Kim et al., 2011). Many root-colonizing microorganisms
stimulate plant organ development through the production of phytohormones such as
auxins, cytokinins and/or gibberellins, which stimulate the formation of root hairs, root
growth, and branching, and improve mineral and nutrient uptake (Glick, 2012). Certain
beneficial rhizobacteria are capable of modulating levels of the plant hormone ethylene,
which leads to the formation of longer roots and improved growth following
environmental stress. Such bacteria produce the enzyme 1-aminocyclopropane-1carboxylate (ACC) deaminase, which removes amine group from the immediate
precursor of ethylene (Gamalero & Glick, 2015). A recent study by Gagné-Bourque et al.
(2015) revealed that treatment of water-stressed B. distachyon by endophytic strain of
Bacillus subtilis resulted in markedly accelerated growth rate and increased seed yield.
The growth promotion phenotype was attributed to the ability of that rhizobacterium to
alter the methylation of plant DNA and modulate expression of genes involved in the
drought stress response. In its spatial and temporal characteristics, root colonization
resembles biofilm formation, the process by which rhizobacteria progress through stages
of initial attraction followed by adhesion and subsequent growth and aggregation to form
microcolonies and more structurally complex cellular assemblages enclosed in an
extracellular matrix comprised of exopolysaccharides (EPS). Several studies suggested
2

that the rhizobacterial EPS retains soil moisture and could promote drought tolerance by
protecting plant roots from desiccation (Roberson & Firestone, 1992; Chen & Beattie,
2007; Carminati et al., 2011).
1.2 Root exudates and their role in the selection of rhizosphere microbiome
How plants shape their rhizosphere microbiome is a subject of active research.
The foundation for the differential affinity of rhizobacteria towards host plants is built
upon complex chemical cross-talk between microorganisms and plant roots. Plants
secrete through their roots up to 40% of the photosynthetically fixed carbon in the form
of rhizodeposits, or root exudates, containing sugars, starches, amino acids, organic acids,
phenolic compounds and secondary metabolites (Kamilova et al., 2006; Berendsen et al.,
2012; Haichar et al., 2014). Efflux appears to be greater near the root tip and lessens as
plants age. Concentrations in the soil solution are approximately three orders of
magnitude lower than those in the cytoplasm and may account for 10- to 100-fold more
released carbon than do mucilages, lysates, and sloughed root tip border cells (Nguyen,
2003). The amounts of sugars, organic acids, and amino acids vary considerably
according to the plant species and physiological condition, consistent with the idea that
the release of these compounds is actively controlled by the plant in response to
environmental stimuli (Nguyen, 2003). Microbes use root exudates as a carbon source,
and the capacity to efficiently utilize primary constituents of rhizodeposits may form the
foundation for rhizosphere competence and the differential affinity of rhizobacteria
towards host plants.
Also present in root exudates are signal molecules and secondary metabolites, the
significance of which is only now emerging. Many plant species produce functional
3

mimics of the N-acyl homoserine lactone (AHL) autoinducers that regulate cell densitydependent gene expression in some root-associated bacteria. Plants, especially those that
nodulate, can also sense and discriminate among bacterial AHLs (Gao et al., 2003) and
this may facilitate the establishment or efficiency of nitrogen-fixing associations. Some
secondary metabolites produced by plants have antimicrobial activity at concentrations
detected in root exudates, and these compounds may contribute to a basic level of
resistance against some plant pathogens (Baetz & Martinoia, 2014). The relevance of
these substances to microbe-plant interactions awaits further study, but the results provide
dramatic insight into the potential for molecular dialogue in the rhizosphere. I
hypothesize that, in addition to nutrients and signaling compounds, root exudates contain
metabolites that act as osmoprotectants or their precursors. The presence of such
osmoprotectants contributes to the ability of water-stressed plants to foster their
beneficial rhizosphere microbiome.
1.3 Microbial response to water stress
Soil microorganisms use diverse physiological defensive mechanisms to cope
with deleterious effects of water stress. Most bacteria respond to osmotic or matric forms
of water stress by accumulating neutral metabolites, referred to as compatible solutes,
osmolytes or osmoprotectants that help to maintain homeostasis in hyperosmotic
environments such as arid or saline soils (Yancey et al., 1982; Empadinhas & da Costa,
2008). Common microbial osmoprotectants include sugars (trehalose), polyols
(mannitol), amino acids (proline), amino acid derivatives (N-acetylglutaminylglutamine
amide), and quaternary amines (choline, betaine, carnitine) (Kurz et al., 2010). Bacteria
can synthesis compatible solutes de novo or uptake them from the environment for
4

osmoprotection or catabolism (Chen & Beattie, 2007; Chen et al., 2013). Another defense
response to water stress involves aggregation and formation of biofilms. Biofilm matrices
contain various exopolysaccharides, extracellular DNA and proteins that retain water and
create a hydrated environment that protects bacteria from desiccation and other
environmental stressors (Mann & Wozniak, 2012). In pseudomonads, the pathways for
synthesis and transport of compatible solutes were investigated in pathogenic species P.
aeruginosa and P. syringae (Kurz et al., 2010; Chen et al., 2013; Wargo, 2013). In both
organisms, N-acetylglutaminylglutamine amide (NAGGN) dominates the pool of
osmoprotectants that are produced de novo (Fig. 1.1). In addition, P. aeruginosa and P.
syringae actively use for osmoprotection the quaternary amines choline and betaine.
Interestingly, choline serves as a precursor for betaine synthesis but cannot be
synthesized by bacteria (Wargo, 2013). It has been proposed that bacteria exploit
environmental pools of choline, which are released from the breakdown of
phosphatidylcholine, phospholipid of eukaryote cell membranes (Chen et al., 2013).
Many bacteria, including pseudomonads, have extensive choline and betaine transport
systems because the uptake of quaternary amines has lower energy cost than the de novo
synthesis of these osmoprotectants (Kurz et al., 2010; Chen et al., 2013). Quaternary
amines are transported by two distinct classes of membrane proteins: i) ATP-binding
cassette (ABC) transporters, which use ATP to actively transport osmoprotectants, and ii)
transporters of the betaine-choline-carnitine (BCCTs) family that use proton/sodiummotive force (Chen & Beattie, 2007; Chen et al., 2010; Malek et al., 2011). Studies with
P. syringae suggested that betaine and related osmolytes are ubiquitous and relatively
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abundant on plant surfaces (Chen et al., 2013) but, to the best of our knowledge, the exact
role of these osmolytes in rhizosphere settings has not been studied.

Figure 1.1 Metabolites known to act as osmoprotectants (compatible solutes) in
microorganisms.
1.4 Brachypodium distachyon and Pseudomonas synxantha as a model to study
rhizosphere plant-microbe interactions
For decades plant biologists have used Arabidopsis thaliana as a model for
research. However, Arabidopsis is a dicot plant that is distantly related to corn, wheat,
sugar, and rice that feed the majority of humans worldwide. In the early 2000s, B.
distachyon, a small annual grass originating in semi-arid regions of Middle East, emerged
as a prime model for economically important food, feed, forage and biomass crops of the
grass family (Bevan et al., 2010; Brkljacic et al., 2011). The Brachypodium genome is
sequenced and supported by extensive bioinformatics resources and libraries of bacterial
artificial chromosomes (BACs), cDNAs, and yeast two-hybrid data (Feuillet &
Muehlbauer, 2009; Bevan et al., 2010). A germplasm of approximately 30 accessions is
available along with methods for Agrobacterium-mediated transformation and T-DNA
tagging (Feuillet and Muehlbauer, 2009). Brachypodium has small stature, compact
6

genome, short generation time (Table 1.1), and served for phenotype investigations into
natural variations in morphology growth habit, stem length, stem density, and cell wall
composition, seed proteome characteristics, codification and description of growth stages,
and natural variation in flowering time in response to vernalization (Schwartz et al.,
2010; Hong et al., 2011; Tyler et al., 2014). The biology and extensive collection of
resources and research tools make B. distachyon an attractive model to investigate
interactions between plants and root-associated microbes.
Table 1.1
Comparison of Arabidopsis and Brachypodium with other cereal crops
Arabidopsis

Brachypodium

Wheat

Rice

Height (cm)

15-20

15-30

50-100

100

Plants/m2

2,000

1,000

50

36

Growth requirements

simple

simple

simple

demanding

Genome (Mbp)

165

300

16,000

430

Life cycle (weeks)

10

10

12/40*

30

Cell wall type

Type I

Type II

Type II

Type II

*Spring/winter wheat
Table adapted from Bevan et al. (2010) and Feuillet & Muehlbauer (2009).

Pseudomonas are ubiquitous gram-negative γ-Proteobacteria known for their
utilization of numerous organic compounds as energy sources, production of diverse
secondary metabolites, and resistance to antimicrobials. The so-called fluorescent
pseudomonads are characterized by the production of yellow-green or blue siderophore
pigments that fluoresce in ultra-violet light. The group includes two important pathogens,

7

P. aeruginosa (animal) and P. syringae (plant), as well as numerous saprophytic species
(Moore et al., 2006; Yahr & Parsek, 2006). Many saprophytic fluorescent pseudomonads
thrive in the rhizosphere and promote plant growth through the production of
phytohormones, siderophores, and ACC-deaminase, and suppress pathogens via the
induction of systemic resistance and secretion of antimicrobial secondary metabolites
(Haas and Defago, 2005). Pseudomonas synxantha 2-79 (formally P. fluorescens 2-79)
was isolated from dry-land wheat and barley fields in central Washington (Parejko et al.,
2013). This strain exemplifies a large complex of beneficial P. fluorescens-like bacteria
that flourish in commercial wheat fields of the arid parts (<165 mm annual precipitation)
of the Pacific Northwest, USA. These rhizobacteria produce broad-spectrum antibiotic
phenazine-1-carboxylic acid (PCA), which has been extensively investigated for its
ability to suppress soil borne plant pathogens Gaeumannomyces graminis var. tritici and
Rhizoctonia solani AG-8 (Thomashow & Weller, 1988; Bull et al., 1991; Mavrodi et al.,
2012a). The abundance of 2-79-like rhizobacteria was inversely related to annual
precipitation (or irrigation), suggesting that these pseudomonads are adapted to the
rhizosphere of cereals growing in low precipitation areas. Recently sequenced genome
revealed that 2-79 has a 59.3%-GC circular chromosome of 6.43 Mbp that encodes 5,946
proteins, 69 tRNAs, and six rRNA operons (Nesemann et al., 2015). The genome
annotation revealed multiple plant-microbe interaction and environmental fitness
determinants including type II and type VI protein secretion systems and genes for
production of hydrogen cyanide, a viscosin-like cyclic lipopeptide, and the broad
spectrum antibiotic PCA. The amenability to genetic manipulation and sequenced
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genome make 2-79 an excellent model for applying the tools of functional genomics to
unravel plant-microbe interactions in the rhizosphere.
1.5 Aims of this study
In contrast to well-studied mechanisms of drought tolerance in plants, the
physiological and molecular interactions between plants and their microbiome during
water stress are still poorly understood. This missing knowledge is crucial for the rational
exploitation of beneficial microbial communities to improve the sustainability of
agriculture under changing climatic conditions. My research project seeks to bridge this
gap by focusing on the molecular interactions between beneficial rhizobacterium P.
synxantha 2-79 and annual grass B. distachyon Bd21. P. synxantha 2-79 exemplifies a
group of beneficial rhizobacteria that are specifically associated with wheat grown in
low-precipitation parts of the Pacific Northwest and is a model biocontrol strain
supported by almost three decades of studies and 66 publications. B. distachyon
originates from the Middle East and has recently emerged as a key model for diverse and
economically valuable biomass, food, feed, forage, and turf crops. Both organisms have
sequenced genomes, are amenable to genetic manipulation, and adapted to semi-arid
conditions making them a well-suited experimental model system to study plant-microbe
interactions under water stress.
The specific aims of my research project are:
1. To produce and analyze root exudates of B. distachyon.
2. To analyze the genome sequence P. synxantha 2-79 and identify pathways that
allow this strain to cope with water stress in the rhizosphere of B. distachyon.
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3. To characterize the contribution of selected plant-derived metabolites to the
protection of P. synxantha 2-79 from water stress.

10

CHAPTER II - MATERIALS AND METHODS
2.1 Establishment and propagation of B. distachyon Bd21 at USM
B. distachyon Bd21 was established from seed material obtained from the USDAARS Plant Germplasm Introduction and Testing Research Unit (Pullman, WA).
Brachypodium seeds were imbibed for three days at 4°C and sown in 7x7 cm pots filled
with Sunshine Potting Mix #4 (Sun Gro Horticulture, Agawam, MA). Plants were grown
in an IR-89X (Percival Scientific, Perry, IA) controlled environment chamber retrofitted
with 6500°K and 3000°K T5 54W grow lights (Spectralux) under 20-h light, 24°C/4-h
dark, 18°C cycle. Plants were watered and fertilized with Jack’s Professional WaterSoluble Fertilizer (20:20:20) (Jack’s Peters, Inc., Allentown, PA). After 12 weeks and
plant senescence seeds were collected, processed, and stored under desiccant and dark
conditions at room temperature.
2.2 Collection and analysis of sterile root exudates
To collect root exudates, seeds of B. distachyon Bd21 were surface-sterilized, pregerminated, and placed in sterile 946 mL wide-mouth glass jars containing 113 g of 6mm glass beads and 25 mL reverse osmosis water. Jars were covered with vented caps
and plants were grown hydroponically in an environmental controlled growth chamber
under conditions described above. After 6 days, root exudates were extracted from
individual jars, and their sterility was confirmed by placing 10 µL spots on nutrient agar.
Root exudates were filtered (0.22 µm), aliquoted in Falcon tubes, lyophilized and stored
at -80°C until needed.
Exudates were analyzed for primary metabolites at the Murdock Metabolomics
Laboratory at Washington State University (Pullman, WA). Freeze-dried residues were
11

suspended in 500 µL of 50% aqueous acetonitrile and clarified by centrifugation for 20
min at 21,000 g and 4 °C. The liquid chromatography mass spectrometry analysis was
conducted with a Synapt G2-S quadrupole-ion mobility spectrometry-time of flight mass
spectrometer system (Waters, Milford, MA) equipped with an Acquity ultra-performance
liquid chromatograph (UPLC) with an Acquity photodiode array detector (Waters). The
exudate metabolites were separated on a SeQuant ZIC-pHILIC HPLC column (2.1 x 100
mm, 3 µm) (MillliporeSigma, Burlington, MA) using acetonitrile with 0.1% formic acid
as solvent B and water with 0.1% formic acid as solvent A at a flow rate of 400 µL min-1
and the following linear gradient extending over 14 min: 0 min, 80% B; 4 min, 80% B,
6min: 10% B; 7.5 min, 10% B; 10 min, 80% B; 14 min, 80% B. Mass spectra were
collected in positive ion mode over a range of m/z 50-1200 with a scan time of 0.2 sec-1.
The Q-TOF-MS source was at 3.0 kV and 120 °C; the sampling cone at 40V, desolvation
temperature was 250 °C; cone gas and desolvation gas flow were at 0 and 850 L h-1,
respectively. Leucine enkephalin was used for post-acquisition mass correction. Target
compounds were visualized using selected ion chromatograms at 0.05 Da window width.
The compound identification was based on comparison of chromatographic behavior and
accurate masses to those of authentic standards.
For gas chromatography, derivatization was carried out using a modification of
the procedure of Lee & Fiehn (2008). The freeze-dried residues were suspended in 950
μL aqueous methanol (84% v/v) and clarified by centrifugation for 15 min at 21,000 g at
4°C. The supernatants were spiked with 1 μg of the internal standard salicylic acid-d6
(C/D/N Isotopes, Quebec, Canada) and dried in vacuo. The dry residues were suspended
in 10 μL O-methoxylamine hydrochloride (30 mg mL-1 in anhydrous pyridine, both from
12

Sigma) and incubated while mixing (1000 rpm) for 90 min at 30 °C. Subsequently,
samples were derivatized with 90 μL of MSTFA with 1% TMCS (Thermo Fisher
Scientific, Waltham, MA) for 30 min at 37°C. Gas chromatography-mass spectroscopy
analysis was performed using a Pegasus 4D time-of-flight mass spectrometer (LECO,
Saint Joseph MI) equipped with a MPS2 autosampler (Gerstel, Linthicum, MD) and a
7890A oven (Agilent, Santa Clara, CA). The derivatization products were separated on a
30-m, 0.25 mm i.d., 0.25 μm df Rxi-5Sil column (Restek, Bellefonte, PA) with an
IntegraGuard pre-column using ultrapure He at a constant flow of 0.9 mL min-1 as
carrier gas. The linear thermal gradient started with a one-minute hold at 70 °C, followed
by a ramp to 300 °C at 10 °C min-1. The final temperature was held for 5 min prior to
returning to initial conditions. Mass spectra were collected at 17 spectra sec-1. Peak
identification was conducted using Fiehn primary metabolite library (Kind et al., 2009)
and an identity score cutoff of 700. Additionally, authentic standards for primary
metabolites were analyzed under identical conditions and the data used to compare the
chromatographic behavior. Peak alignment and spectrum comparisons were carried out
using the Statistical Compare feature of the ChromaTOF software (LECO).
2.3 Annotation and analysis of P. synxantha 2-79 genome
The genome of P. synxantha 2-79 was sequenced using a HiSeq 2500 instrument
(Illumina, San Diego, CA) by the AgriLife Genomics and Bioinformatics Service at
Texas A&M University (College Station, TX). Raw reads were filtered using a FastQC
toolkit (Andrews, 2010) followed by assembly with SPAdes version 3.5.1 (Bankevich et
al., 2012). The final assembly that had 78 contigs with a total length of 6,656,137 bp was
annotated using Prokka version 1.11 (Seemann, 2014) and Geneious 10.2.3 (Biomatters,
13

Auckland, New Zealand). The annotated 2-79 genome was deposited in the DOE Joint
Genome Institute’s Integrated Microbial Genomes (IMG) database under the IMG
Genome ID 2756170227. Searches for similar protein sequences were performed using
tools implemented in the Integrated Microbial Genomes (IMG) database (Markowitz et
al., 2012), Pseudomonas Genome Database (Winsor et al., 2008) and Geneious. Putative
sequences recognized by the GbdR transcriptional regulator were identified using the
fuzznuc function of EMBOSS (Rice et al., 2000). The genome comparisons were
visualized using the BRIG software (Alikhan et al., 2011). Multiple sequence alignments
were built with MAFFT v7.222 (Katoh & Standley, 2013) and Geneious Tree Builder
was used to infer neighbor joining (NJ) phylogenetic trees. Reproducibility of clades
within the inferred NJ trees was assessed by bootstrap re-sampling with 1000 replicates.
2.4 Bacterial strains and plasmids
Strains and plasmids used in this study are listed in Appendix D. Pseudomonas
spp. and Escherichia coli were grown at 28°C and 37°C, respectively, in Luria-Bertani
(LB) (Green & Sambrook, 2012), one-third strength King’s B (KMB) (King et al., 1954)
or ½-21C medium (Chen & Beattie, 2007) media. Strains were stored at - 75°C in screwcapped cryovials containing LB broth and 30% (v/v) glycerol. Antibiotic supplements
were used at the following concentrations: ampicillin (Amp), 30 μg mL-1;
chloramphenicol (Cm), 30 μg mL-1; rifampin (Rif), 100 μg mL-1; and cycloheximide
(Chx), 100 μg mL-1.
2.5 Osmoprotection assays
Bacteria were inoculated in ½-21C medium to a density of 106 CFU mL-1 and
osmotic or matric stress was created by amending the growth medium, respectively, with
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sterile NaCl (0.3 M final) or polyethylene glycol 8000 (PEG 8000) (25% final). Different
osmoprotectants (betaine, choline, carnitine, proline, glutamine, carnitine, ectoine,
hydroxyectoine, trehalose, mannitol, or sorbitol) were added to a final concentration of 1
mM. The root exudates were supplied in the lyophilized form and concentrated in the
growth medium 20-fold. The bacteria were cultured in microtiter plates for 48 h at 27°C
and the growth was evaluated by measuring optical density at 600 nm with a Synergy-2
programmable microplate reader (BioTek, Winooski, VT).
2.6 Rhizosphere colonization assays
The capacity of B. distachyon Bd21 to support the growth of rhizosphere
Pseudomonas spp. was assayed using spontaneous rifampicin resistant variants of strains
2-79, Q8r1-96 and Pf-5. Bacteria were grown overnight in LB broth supplemented with
100 µg mL-1 rifampicin and adjusted to an optical density at 600 nm (OD600) of 0.1. The
adjusted bacterial cell suspensions were diluted in sterile 1% methylcellulose and added
to the potting mix at 104 CFU g-1. Seeds of Brachypodium were imbibed, sown into
inoculated potting mix (4 seeds per pot) and plants grown in an environmental chamber
as described above. The experiment included 12 pots for each bacterial treatment and 12
pots for control (no bacteria treatment). At 3, 5, and 7 weeks after sowing, six randomly
chosen plants from each treatment were destructively harvested. Roots with adhering
rhizosphere soil were excised and placed in Falcon tubes filled with 10 mL of sterile
water. The tubes were vortexed and treated in sonicating bath, and the concentration of
bacteria in soil suspension was enumerated by the endpoint dilution assay (Mavrodi et al.,
2012b). After transformation to log CFU g-1 of fresh root, population data was analyzed
with ANOVA or Kruskal-Wallis/Wilcoxon test using JMP 12 (SAS Institute, Cary, NC).
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Differences in population density were assessed by Fisher’s protected LSD (P ≤ 0.05).
The experiment was repeated.
2.7 Construction of 2-79 reporter derivatives
To characterize the impact of water stress on 2-79, promoters of putative stress
response pathways were fused to Gfp reporter gene of the stable broad-host-range vectors
pPROBE-TT (Miller et al., 2000). Promoter regions of the water stress pathways were
amplified by PCR with Phusion High-Fidelity DNA polymerase (Thermo Fisher
Scientific, Waltham, MA) and primer sets listed in Table 2.2. The resultant amplicons
were purified with GeneJET PCR purification column (Thermo Fisher Scientific) and
cloned into pPROBE-TT that had been digested with EcoRI and HindIII using the Gibson
Assembly Master Mix (New England Biolabs, Ipswich, MA). To confirm the integrity of
the cloned promoters the recombinant plasmids were single-pass sequenced using the
corresponding gene-specific forward primer and vector-specific primer pPROBEgfpR.
All reporter plasmids were introduced in 2-79 by electroporation and transformants were
selected on LB medium amended with 25 µg mL-1 tetracycline and verified by PCR with
primers PME6010TET1 and PME6010TET2. Standard techniques were used for plasmid
DNA isolation, endonuclease digests, and agarose gel electrophoresis (Green &
Sambrook, 2012). Electrocompetent cells of P. synxantha 2-79 were prepared as
described by Choi et al. (2006). Oligonucleotides were designed with Oligo 7.60 software
(Molecular Biology Insights, West Cascade, CO) and routine PCR amplifications were
performed with DreamTaq DNA polymerase (Thermo Fisher Scientific) according to the
manufacturer's recommendations.
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2.8 Bioreporter GFP assays
Gene expression studies with P. synxantha 2-79 or its derivatives carrying
pPROBE plasmids different gfp-based transcriptional fusions were performed in a
microplate format. The bacteria were inoculated in the low-osmoticum ½-21C medium at
106 CFU mL-1 and water-stressed with PEG 8000 or NaCl as described in Section 2.5.
The inoculated microplates were placed in a Synergy 2 reader, and the bacterial growth
and gfp reporter activity was simultaneously followed for 48 h by taking hourly
measurements of optical density at 600 nm and green fluorescence (485 nm
excitation/528 nm emission). The gfp reporter activity was normalized by dividing the
relative fluorescence intensity by OD600 and background fluorescence of empty vector.
Each treatment had at least three replicates, and 2-79 carrying empty pPROBE-TT vector
was used as negative control. All assays were repeated independently, and differences
between reporters and empty vector relative fluorescence was analyzed with Student’s ttest or Wilcoxon rank sum.
2.9 Microscopic observations
Gene expression of P. synxantha 2-79 or its derivatives carrying pPROBE
plasmids different gfp-based transcriptional fusions were examined on roots of
Brachypodium seedlings. Sterilized seeds of B. distachyon were inoculated by 2-79
derivatives carrying different gfp reporter plasmids and placed in germination pouches
with sterile water (control) or 10% PEG 8000 (matric stress) or 0.1M NaCl (osmotic
stress) and incubated for five days in dark at room temperature. Roots were excised and
prepared for microscopy by staining for 30 sec in 0.5% Methylene Blue to quench the
autofluorescence of root tissues followed by a brief rinse in PBS. The stained root
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samples were examined at 200x magnification with a Leica DM IL LED Fluo SE
fluorescence microscope (Leica Microsystems, Buffalo Grove, IL) equipped with a
digital camera and fluorescein isothiocyanate (FITC) filter set.
2.10 Flow cytometry
Gene expression of P. synxantha 2-79 or its derivatives carrying pPROBE
plasmids different gfp-based transcriptional fusions on roots of B. distachyon was
estimated with a BD LSRFortessa cell analyzer (BD Biosciences, San Jose, CA) by
measuring fluorescence intensity/cell. Sterilized seeds of B. distachyon were inoculated
and incubated as described in section 2.9. Plants were incubated in an environmental
chamber for 13 days, after which six roots per treatment were excised, placed into 7 mL
PBS and shaken at 400 rpm for 20 min. Cells in the root wash were then treated with 2%
paraformaldehyde for 15 min, filtered and immediately analyzed in flow cytometer. Size
and granularity of bacterial cells and particles were determined by measuring the forward
scatter (FSC-A) and side scatter (SSC-A) signals. FSC-A signals were collected with a
photodiode detector (set to 308 V), in the range of 483 to 493 nm (488/10 BP filter), with
a threshold set to 5000. SSC-A signals were detected with a photomultiplier tube (PMT)
(detector E, set to 247 V) in the range of 483 to 493 nm (488/10 BP filter). FITC signals
were collected with the PMT detector D (set at the voltage of 467 V), in the range of 515
to 545 nm (530/30 BP filter, 505 LP mirror). The fixed root wash solution was analyzed
until 50,000 events were detected. Gating of GFP marked bacteria was done by
delimiting on the FSC-A/FITC-A density plot particles with green fluorescence values
above the autofluorescence emitted by root fragments and bacterial cells not expressing
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GFP. Controls included uninoculated plants and plants treated with 2-79 carrying an
empty cloning vector.
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CHAPTER III - RESULTS
3.1 Collection and processing of root exudates of B. distachyon Bd21
Brachypodium seeds used for the preparation of root exudates were surfacesterilized to ensure that the composition of rhizodeposits was not compromised by
contaminating microorganisms. Several combinations of different disinfecting reagents
and their concentrations were tried. Previous studies used 70% ethanol and 10%
household bleach for sterilization of Brachypodium seeds (Hong et al., 2011). In our
hands, the treatment of seeds with 70% ethanol substantially reduced their germination
rate. The application of 10% bleach did not adversely affect seed viability but resulted in
the unacceptable levels of residual fungal contamination. Treating seeds with a solution
of pimaricin (10 ug mL-1) or a combination of pimaricin and 10% bleach eliminated the
bacterial and fungal contamination. However, we ultimately decided not to use pimaricin
due to concerns about its effect on Brachypodium and the composition of root exudates.
The final surface sterilization protocol involved vortexing seeds in 20% bleach followed
by treatment in a sonicating bath (2 min each) to allow the disinfecting agent to penetrate
through the all layers of the Brachypodium grain (husk, lemma, and palea). This
procedure produced satisfactory results and did not affect the germination rate. However,
the sporadic contamination of seed material persisted, and each batch of root exudates
extracted from the hydroponic system was checked for sterility by spot plating on
nutrient agar. Sterile exudates were processed aseptically and used for metabolomic
analysis, gene expression assays, and RNA-seq. Root exudates were collected
hydroponically by incubating sterile Brachypodium seedlings in 0.9 L wide-mouth glass
covered with vented caps. The plant roots were supported by a layer of sterilized glass
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beads immersed in 25 mL of reverse osmosis water. After six days of incubation in an
environmental chamber, the root exudates were aseptically extracted from jars,
transferred in Falcon tubes and checked for contamination. On average, each jar yielded
10 mL of exudates, and multiple batches were collected and pooled for the subsequent
instrumental analysis and experiments with microorganisms.

Figure 3.1 Collection of sterile root exudates from hydroponically grown seedlings of the
model monocot plant B. distachyon Bd21.
3.2 Analytical profiling of root exudates for the presence of osmoprotectant
compounds
Samples of lyophilized root exudates were shipped on ice to the M. J. Murdock
Metabolomics Laboratory at the Institute of Biological Chemistry, Washington State
University. The exudates were subjected to the HPLC- and GC-MS analysis and
extensive in-depth analytical profiling for the presence of different plant-derived
metabolites. Results of the analysis revealed that rhizodeposits of water-replete B.
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distachyon contain several classes of compounds that act as osmoprotectants in
microorganisms and/or plants (Figures 3.2 and 3.3). Among these was the quaternary
amine (QA) glycine betaine, which is one of the most active naturally occurring
osmolytes for Pseudomonas and other bacteria. The profiling of exudates for QA
compounds is ongoing, and at this point, the analysis failed to detect choline and
acetylcholine, but the presence of carnitine and sarcosine awaits further confirmation.
Other identified types of osmoprotectants include common (proline, glutamine) and
heterocyclic (hydroxyectoine) amino acids, and the non-essential amino acid aminobutyric acid (GABA) that regulates plant growth and accumulates in plants in
response to biotic and abiotic stress. We also confirmed that root exudates contain
mannitol/sorbitol, and possibly trehalose, all of which act as compatible solutes in
microorganisms.
On a broader scale, the analysis of rhizodeposits revealed the presence of
numerous plant metabolites, 70 of which were identified by matching their spectra to the
LECO/Fiehn Metabolomics library (Appendix A). These metabolites included i)
carbohydrates and their derivatives (fructose, maltose, galactose, mannose, sorbose,
talose, xylose, glucose-1-phosphate); ii) sugar alcohols (arabitol, threitol, myo-inositol, 2deoxyerythritol); iii) amino acids and derivatives (aspartic acid, glutamic acid,
phenylalanine, threonine, oxoproline, N-methyltryptophan); iv) organic acids (citric,
fumaric, gluconic, glycolic, lactic, nicotinic, oxalic, shikimic, succinic, threonic); v)
phenolic compounds (salicylic acid, salicylaldehyde, resveratrol, 3,4-dihydroxy-benzoic
acid, 4-hydroxy-3-methoxybenzoic acid, 4-hydroxybenzoic acid, 4-hydroxycinnamic
acid, synephrine); vi) assorted metabolites, including heterocyclic compounds,
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terpenoids, etc. (hydroxypyridine, cytosine, monopalmitin, dehydroabietic acid). In-depth
quantitative analysis revealed that root exudates contain measurable amounts of 18
different proteinogenic amino acids (Appendix B). The amino acid content was
dominated by aspartic acid and cysteine followed in order of decreasing concentration by
glutamine, 5-oxoproline, glutamic acid, valine, isoleucine, asparagine, and proline. The
most abundant amino acids did not belong to one particular chemical group and included
compounds with both nonpolar and neutral and acidic polar side chains.
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Figure 3.2 Mass chromatograms of root secretions and authentic standards showing the
presence of glycine betaine (A), proline (B), and hydroxyectoine (C) in exudates of
hydroponically grown Brachypodium plants.
For each compound, panels on the left show selected ion chromatograms, while panels on the right depict accurate mass comparisons.
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Figure 3.3 Identification of -aminobutyric acid (GABA) (A) and glutamine (B) in
exudates of hydroponically grown Brachypodium by GC-TOF-MS analysis.
For each compound, the bottom panel shows the Fiehn primary metabolite library match of GC-MS chromatogram to the authentic
standard.

3.3 P. synxantha 2-79 is a competent colonizer of the rhizosphere of B. distachyon
Bd21
The capacity of B. distachyon Bd21 to serve as a host plant for rhizobacteria of the P.
fluorescens group was investigated in a series of greenhouse assays with P. synxantha 279, and well-studied biocontrol strains P. brassicacearum Q8r1-96 and P. protegens Pf-5.
Results of the experiments revealed that all strains successfully established and colonized
the roots of Brachypodium. As shown in Table 3.1, populations of the three strains were
highest at three weeks after planting, when they ranged across all treatments between log
6.6 and log 5.5 g-1 of root fresh weight. Later in the experiment, the populations gradually
declined and during the last sampling at week seven were between log 4.7 and log 6.1
CFU g-1 of root fresh weight. P. synxantha 2-79 maintained levels above log 6 CFU g-1
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root throughout the study and emerged as the overall best colonizer of B. distachyon. In
contrast, P. protegens Pf-5 consistently colonized plant root at levels above log 5 CFU g-1
fresh root, while P. brassicacearum Q8r1-96 peaked at log 5.5 CFU g-1 fresh root in
week 3 and toward the end of the experiment declined to log 4.7 CFU g-1 fresh root.
There were some statistically significant differences in the population levels of individual
strains starting with the fifth week of the study, which confirmed further that 2-79 is a
competent colonizer of the Brachypodium rhizosphere. In the repeated experiments 2-79
exhibited similar and consistent dynamics, while population levels of Q8r1-96 and Pf-5
fluctuated (data not shown).
Table 3.1
Comparison of the ability of strains of the Pseudomonas fluorescens complex to colonize
the rhizosphere of B. distachyon Bd 21
Population density (Log CFU g-1 fresh root ± SD)a
Bacterial treatment
Week 0
P. synxantha 2-79

Week 3

Week 5

Week 7

3.9 ± 0.3 ab 6.6 ± 1.5 a 6.3 ± 0.7 a 6.1 ± 0.4 a

P. brassicacearum Q8r1-96 4.1 ± 0.3 ab 5.7 ± 0.5 a 5.0 ± 0.2 b 4.7 ± 0.3 b
P. protegens Pf-5
a

4.5 ± 0.3 a

5.5 ± 0.5 a 5.4 ± 0.5 b 5.5 ± 0.8 a

The significance of differences between bacterial densities was determined by the Kruskal-Wallis all-pairwise comparison test (P =

0.05).

3.4 Analysis of water stress response pathways in the P. synxantha 2-79 genome
I used in my project a new draft assembly of the 2-79 genome, which is of
significantly higher quality than the earlier version published by us and our collaborators
(Nesemann et al., 2015). The improved draft assembly had 78 scaffolds and comprised
6.67 Mb with a GC content of 59.8%. The genome harbored 39 rRNA genes, 80 tRNA
genes, and 5,857 protein-coding genes, including 4,760 genes with functional
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assignments and 1,097 genes coding for hypothetical proteins. The 2-79 genome was
compared to genomes of P. aeruginosa, P. syringae and several well-studied strains of
the P. fluorescens complex to analyze the presence and organization of water stress
response pathways (Figure 3.4). Results of the analysis revealed that 2-79 and closely
related rhizosphere strains share a set of conserved pathways that function in i) de novo
synthesis of microbial osmoprotectants (N-acetyl-glutaminylglutamine amide (NAGGN)
and trehalose), ii) the uptake and catabolism of quaternary amine (QA) osmoprotectants
and their precursors (choline, glycine betaine, carnitine, sarcosine), and iii) the
aggregation and formation of biofilms (exopolysaccharides, fimbriae, pili, large adhesion
proteins).
Two different pathways for synthesis of the compatible solute trehalose were
identified in the 2-79 genome (Appendix C). The first pathway works via the
modification of the terminal unit of a glucose polymer from an α-(1–4) to an α,α-(1-1)
configuration followed by the cleavage of free trehalose from the glucan chain (Tournu et
al., 2013). The two key genes of this pathway, treY and treZ, encode the enzymes
maltooligosyl trehalose synthase and maltooligosyl trehalose trehalohydrolase. The
second pathway consists of the trehalose synthase enzyme (TreS) that catalyzes the
reversible conversion of maltose into trehalose. The treS gene forms an operon with glgE
and glgB, which encode enzymes of the glycogen biosynthesis pathway that uses
maltose‐1‐phosphate as the building block for extending glucan chains. The TreYZ and
TreS pathways are present and highly conserved in other representative strains of the P.
fluorescens group (Appendix C).
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We hypothesize that the de novo synthesis of the osmoprotectants N-acetyl
glutaminyl glutamine amide (NAGGN) is controlled in 2-79 by genes GgnA and GgnB
that encode, respectively, a bifunctional amidotransferase with N-acetylating and peptide
bond–forming activities and a GNAT superfamily N-acetyltransferase (Appendix C). The
synthesis of NAGGN starts with GgnB catalyzing the N-acetylation of one glutamine and
the formation of a peptide bond with second glutamine followed by the amidation of the
second glutamine by GgnA. The predicted GgnA and GgnB enzymes of 2-79 are present
in genomes of other strains on the P. fluorescens group and similar to their functionally
characterized counterparts from P. syringae and Ensifer (Sinorhizobium) meliloti (Kurz et
al., 2010; Sagot et al., 2010). It is unclear whether 2-79 has the capacity to produce Lectoine and 5-hydroxyectoine, which widely used as compatible solutes by many bacteria
and some archaea. Genes for the canonical EctABCD pathway that synthesizes ectoine
from L-aspartate-β-semialdehyde are not present in the genome (Czech et al., 2018).
However, like P. syringae pv. syringae B728a, 2-79 carried a single copy of the ectoine
synthase (ectC) gene, which was also present in the genome of P. fluorescens SBW25
(Appendix C).
P. synxantha 2-79 has an extensive set of pathways that function in scavenging
the quaternary amines (QAs) choline, glycine betaine, carnitine, choline-O-sulfate, and
sarcosine from the environment. Quaternary amines are taken up in P. synxantha 2-79 by
two distinct classes of membrane proteins: i) ATP-binding cassette (ABC) transporters,
which use ATP to actively transport substrates, and ii) transporters of the betainecarnitine-choline (BCCT) family that are energized by proton symport (Chen et al., 2010;
Malek et al., 2011). The analysis of 2-79 genome revealed the presence of two QA28

specific ABC transporters (CbcWV and OpuC) and three BCCT family transporters
(BetT1, BetT2, and BetT3) (Appendix C). Based on the information available from
studies conducted in the related species P. syringae and P. aeruginosa, we predict that
the ABC transporter CbcWV of 2-79 functions in the uptake QAs under water-replete
conditions. In P. syringae, the CbcWV transporter interacts with multiple substrate
binding proteins (SBPs) to transport different types of QAs. Our analysis of the 2-79
genome identified the presence of SBPs that are predicted to bind choline (CbcX),
glycine betaine (BetX), choline-O-sulfate (CosX), and carnitine (CdhX) (Appendix C).
The choline-specific substrate binding protein is encoded within the cbcXWV operon
(Figure 3.5), while genes for the carnitine- and COS-specific SBPs are located within the
respective catabolic operons (i.e., cdhXCAB and cosCXE), and the GB-specific SBP BetX
is encoded by a standalone gene. 2-79 has a second QA-specific ABC transporter called
OpuC, which is encoded by the opuABCD operon. In P. syringae, OpuC exhibits a high
affinity for GB, a low affinity for choline, and a broad substrate specificity towards other
QAs, and functions in the uptake of GB and choline under high osmolarity (Chen &
Beattie, 2007).
In P. syringae and P. aeruginosa, the extensive network of pathways involved in
the acquisition and metabolism of QAs are subject to both specific and global regulation.
Similarly, we identified in the genome of 2-79 regulatory genes betI, cdhR, cosR, and
souR that are (except for souR) located adjacent to operons involved, respectively, in the
transport and/or catabolism of GB, carnitine, choline-O-sulfate, and sarcosine (Figure
3.5; Appendix C). For the TetR family transcriptional regulator BetI, we identified the
highly conserved putative binding, which is located in the promoter region of betT1 and
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closely resembles similar binding sites that were characterized in P. aeruginosa, E. coli
and Ensifer meliloti (Figure 3.6). The genome of 2-79 also encodes an AraC-family
transcriptional activator GbdR, which perceives intercellular levels of GB and induces
genes involved in the transport and catabolism of glycine betaine, and detoxification of
the catabolic byproducts (Hampel et al., 2014). We used the consensus GbdR binding site
from P. aeruginosa to predict the GbdR-regulated promoters in the 2-79 genome. Results
of this screen identified 15 genes that comprise the putative GbdR regulon of 2-79
(Figure 3.6). In addition to genes involved in the uptake and/or catabolism of choline,
GB, carnitine, dimethylglycine, and sarcosine the GbdR regulon also includes a predicted
GABA permease and several conserved hypothetical genes.
Bacterial biofilms are structurally complex assemblages of cells that are enclosed in an
extracellular matrix comprised of proteins, DNA, and exopolysaccharides. The
exopolysaccharides (EPSs) efficiently retain water and act as a major water-binding agent
under water-limiting conditions (Sutherland, 2001; Chang et al., 2007). Our
bioinformatics analysis revealed that P. synxantha 2-79 produces at least two wellcharacterized types of EPSs: alginate and Psl. Alginate is a high molecular weight,
acetylated polymer of -1,4 linked L-guluronic and D-mannuronic acids (Mann &
Wozniak, 2012). Alginate is an essential capsular exopolysaccharide, and its biosynthetic
gene clusters are well conserved across different lineages of Pseudomonas. The genome
of 2-79 carries 12 biosynthesis alg genes that are organized in a single operon and also
are present in other P. fluorescens strains (Appendix C). The comparison with the wellstudied P. aeruginosa system suggests that expression of the alginate biosynthesis cluster
in 2-79 is controlled by the algU/T-mucABD operon. This group of genes encodes an
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extracytoplasmic function (ECF) sigma/anti-sigma factor system, which in P. aeruginosa
responds to perturbations in the cell envelope homeostasis (Wood et al., 2006). 2-79 also
carries the AlgZR two-component signal transduction system, which in P. aeruginosa is
also required for the synthesis of alginate, as well as for twitching motility and secretion
of various virulence factors (Okkotsu et al., 2014). In addition to the capsular
exopolysaccharide alginate, 2-79 produces the aggregative exopolysaccharide Psl. The
psl locus contains 11 co-transcribed genes that control the synthesis of an
exopolysaccharide made of repeating pentasaccharide units containing D-mannose, Lrhamnose, and D-glucose (Mann & Wozniak, 2012). The cross-genome comparisons
revealed that the Psl pathway is commonly but not universally harbored by species the P.
fluorescens group. Of seven strains included in our analyses only three (P. fluorescens
SBW25, P. protegens Pf-5, and P. chlororaphis 30-84) contained complete Psl
biosynthesis gene clusters (Appendix C). The genome of R1-43-08 carries genes with
similarity to pslA, pslB, pslC, pslF, and pslG, but the rest of the psl biosynthesis genes are
missing and remains to be determined if this strains indeed produces Psl. Finally, 2-79
has a cluster of genes 15 genes (JGI gene ID 2756596500 through 2756596514) that
encodes multiple proteins with similarity to polysaccharide biosynthesis and modification
enzymes. In addition to 2-79, this locus is present in a small subset of strains of the P.
fluorescens group but absent from genomes of P. aeruginosa, P. syringae, or P. putida.
Since these genes were unique to 2-79, we preliminary termed the locus Eps and included
it in our experiments with gfp reporters described in Section 3.6. Interestingly, one of the
flanking genes in the Eps gene cluster encodes a putative O-antigen ligase, and it is
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plausible that the actual function of this locus is not the production of an aggregative
exopolysaccharide, but rather the modification of O-antigen.

Figure 3.4 Putative water stress response and biofilm and surface attachment pathways
predicted in the genome of P. synxantha 2-79.
Moving from the perimeter towards the center: circle 1, clusters of genes of potential importance for water stress response (red) and
biofilm formation and surface attachment to plant roots (black); circles 2, blastn comparison against the genome of Pseudomonas sp.
R1-43-08; circle 3, blastn comparison against P. fluorescens SBW25; circle 4, blastn comparison against P. brassicacearum Q8r1-96;
circle 5, blastn comparison against P. fluorescens Q2-87; circle 6, blastn comparison against P. fluorescens Pf0-1; circle 7, blastn
comparison against P. protegens Pf-5; circle 8, blastn comparison against P. chlororaphis 30-84; circle 9, percentage G+C in a 2,000bp window. The inner scale designates the coordinates in kilobase pairs.
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Figure 3.5 Synteny of genomic regions carrying genes involved in the uptake and catabolism of quaternary amines in 2-79 and
selected strains of the P. fluorescens group.
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DNA sequences were aligned in Geneious 10.2.3 using MAFFT 7.309 (Katoh & Standley, 2013) with default parameters. Predicted genes and their orientation are shown by horizontal arrows
where homologous QA metabolism genes highlighted in color and other genes are colored in grey. Thin vertical arrows at the bottom indicate the variable presence of genes for the BCCT
transporter BetT1 and gamma-butyrobetaine dioxygenase. All genes and intergenic regions are drawn to scale, as indicated by the scale bar in the upper right corner.

A)
Gene
betX
2756600512
sdaA1
cdhX
2756597136
gbcA
gbcB
naiP
2756597176
2756599761
2756599114
fadE1
2756597024
argG
2756597995

Position
(-162 to -193)
(-63 to -94)
(-236 to -267)
(-91 to -122)
(-89 to -120)
(-125 to -156)
(-68 to -99)
(-64 to -95)
(-133 to -158)
(-77 to -108)
(-224 to -255)
(-86 to -117)
(-388 to -421)
(-64 to -95)
(-67 to -98)

Sequence
GTCGTTTCTTGCTCAGCCGAGGTCGCTGGCAGGCGTGATCAAGACGCAAGCGGTCGCGCCCGGTCGTATCCAGTACAGGGAGGGTCGCATCCAGTCGCTGCAGTGCAAGAGTCGGTCGCCGCCGGACGCTTTCGGCAATTCCCCTGTCGTTTTTGGTCGCCGTAAGTATGTGA-ATGTCGCAGATAG
GTCGGGATCAGATTGGGCCATGTCGCCCATGGTCGTTCAGGGTTTCAGTCAGGTCGCATCCAGTCGTTTAGCGACCCACTTTGGTCGTACGGTGTCGTAAAACCTATCAAACAGGTCGAACAATGTCGCTACTGGTTACTAT-GGGTCGGTTTCAG
GTCGGCGCCTGTGGATGGGTAGTCGAGTACAGTCGCATCGGCACAGTAGCGTGTCGCGCCATGTCGCTTTATCTTCATTTGCTGTCGCGCCCCGTCGCCTCAGTGCGCAAAACAGTCGTCTGGG-

B)

C)
Gene

Position

Sequence

P.synxantha 2-79 betT1
(-69 to -88)
P.aeruginosa BetI binding site
E.coli
BetI binding site
E.meliloti
BetI binding site

GATTGAACGTTCAATCAAC
TATTGAACGTTCAATCAAC
TATTGATTGGACGTTCAAT
TATTGATTGATGGATCAAT

Figure 3.6 Putative binding sites for GbdR (A, B) and BetI (C) regulatory proteins in
intergenic regions of the P. synxantha 2-79 genome.
A) Multiple sequence alignment of putative GbdR binding sites identified in 2-79 with conserved residues shown in red. The binding
site sequences were aligned in Geneious 10.2.3 using ClustalW. B) The consensus GbdR binding sequence visualized using WebLogo
v. 2.8.2. C) The putative BetI binding site in the promoter region of betT1 from 2-79 and its alignment with BetI binding sites of P.
aeruginosa, Escherichia coli and Ensifer meliloti.
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3.5 The protective effect of root exudates and their constituents on P. synxantha 2-79
under conditions of water stress
The capacity of root exudates and their constituents to alleviate the effect of water stress
was investigated by culturing 2-79 in the low-osmoticum ½-21C medium (Chen &
Beattie, 2007; Chen et al., 2013) supplemented with concentrated root exudates or
exudate constituents that are known to act as microbial osmoprotectants. Bacteria were
subjected to the osmotic (solute) (-1.5 MPa) and matric (-1.0 MPa) forms of water stress
that were imposed, respectively, by supplementing the growth medium with the
permeating solute NaCl and the nonpermeating solute PEG 8000. Results of these
experiments revealed that both stress treatments affected 2-79 detrimentally and
decreased the maximum attained OD600 readings by 70-75% below control values (Figure
3.7). The addition of root exudates reverted the inhibition and strongly stimulated the
growth under osmotic stress and, to a lesser degree, under matric stress. We repeated the
assay in the presence of 11 different osmoprotectants (all added to the medium at 1 mM),
nine of which were definitely or provisionally confirmed as constituents of root exudates.
Under osmotic stress, the quaternary ammonium metabolite choline and its derivatives
glycine betaine and carnitine provided superior protection of cultures from NaCl and
partially restored bacterial growth in the presence of nonpermeating solute PEG 8000.
Partial, but statistically significant restoration of growth under both types of water stress
was also observed in cultures supplemented with the quaternary amine sarcosine and
amino acids glutamine, proline, and hydroxyectoine. The addition of disaccharide
trehalose provided partial protection only under matric stress, while the addition of
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polyols mannitol and sorbitol did not affect the growth of 2-79 under either form of water
stress.

Figure 3.7 Exogenously supplied osmoprotectants and root exudates rescue the growth of
2-79 under water stress.
The capacity of root exudates and their constituents to alleviate the effect of water stress was evaluated by culturing 2-79 in the lowosmoticum medium as described above. The growth medium was supplemented with concentrated root exudates (rex) or
osmoprotectants betaine (bet), choline (cho), carnitine (carn), sarcosine (sarc), glutamine (glut), proline (pro), trehalose (treh),
mannitol (mann), and sorbitol (sorb). Bacteria cultured in the unamended medium under water-replete and water stress conditions
served as controls. The restoration of growth under water stress was followed by measuring OD 600 at 48 h. All assays were repeated,
and data were statistically analyzed using one-tailed Student’s t-test (P <0.05).

3.6 The effect of water stress on the expression of defense pathways present in the 279 genome
The effect of water stress on gene expression in P. synxantha 2-79 was evaluated
using transcriptional fusions of selected stress response genes with a reporter coding for
the stable variant of green fluorescent (Gfp) protein. The stress response pathways
investigated in this experiment included those involved in i) the uptake of quaternary
amines (the BCCT transporters BetT1 and BetT2, and ABC transporters OpuC and
36

CbcXWV), ii) the de novo synthesis of the osmoprotectant NAGGN (amidotransferase
GgnA), and iii) secretion of the exopolysaccharide biofilm matrices alginate, Psl, and
Eps. We first measured the effect of water stress on 2-79 by growing the reporter
derivatives under in vitro conditions and lowering the water potential with the permeating
solute NaCl or the nonpermeating solute PEG 8000. Results of these assays revealed that
the reduced availability of water led to the measurable induction of all selected pathways
and that the effect was particularly evident under matric stress (Figure 3.8). Among the
pathways that function in the uptake of QA metabolites, the highest response to water
stress was observed in the OpuC reporter. The other tested BCCT and ABC transporter
genes were upregulated less strongly but still significantly in comparison to the waterreplete control. Among the biofilm matrix pathways, the highest levels of Gfp were
measured in the alginate pathway reporter. Under matric stress, the algD reporter also
had the highest relative increase in activity compared to all pathways examined in this
research. The other two biofilm matrix pathways, Psl and Eps, were moderately but
significantly induced in the presence of 0.3 M NaCl, while Psl also responded to PEG
8000. Finally, the promoter of an operon encoding the putative amidotransferase GgnA
and GNAT-family acetyltransferase GgnB was upregulated in 2-79 exposed to matric
stress thus supporting the hypothesis of their involvement in the de novo synthesis of Nacetylglutaminylglutamine amide (NAGGN).
Finally, we attempted to directly measure the levels of Gfp signal in bacteria
growing in the surface of plant roots using flow cytometry. Our preliminary results
confirmed the feasibility of this approach and revealed that the reporters produced
detectable signal, which can be readily distinguished from the background fluorescence
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of the empty plasmid vector (Figure 3.9, B). An experiment with two reporter strains
revealed that the betT2 gene was active in plants growing under control (water replete)
conditions with 35.6% of cells expressing Gfp (Table 3.2). In contrast, the opuC gene
was expressed in bacteria harvested from the roots of plants growing under matric stress

Promoter activity
(% change, normalized to control)

with 18.9% of cells expressing the gfp reporter.

Figure 3.8 The predicted water stress response pathways of 2-79 are differentially
induced by osmotic and matric forms of water stress.
The response was evaluated by fusing promoters of the predicted water stress pathways to gfp reporter of the pPROBE-TT vector. The
resultant reporter strains were cultured for 48 h at 27 °C in a low osmoticum medium and subjected to osmotic and matric stress by,
respectively, 0.3 M NaCl and 25% PEG 8000. The optical density at 600 nm and relative fluorescence were monitored with a BioTek
Synergy 2 microplate reader. The expression of the reporter gene was normalized in relation to OD 600 and background fluorescence of
the empty vector. Changes in gene expression were compared to the no-stress control and statistically analyzed using the two-tailed
Student’s t-test (P<0.05).
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A)

B)

Figure 3.9 Genes of 2-79 transporters involved in the uptake of quaternary amines are
active on roots of water-stressed B. distachyon.
The gfp reporter derivatives were inoculated on roots of Brachypodium growing in germination pouches with sterile water (control),
0.1M NaCl (osmotic stress) or 10% PEG 8000 (matric stress). After five days, plant roots were examined at 200 x magnification with
a Leica DM IL LED Fluo SE fluorescence microscope equipped with a digital camera and FITC filter set (A). Alternatively, bacteria
were washed off the plant roots and Gfp fluorescence was measured by flow cytometry as described in the Materials and Methods (B).
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Table 3.2 Quantification of the expression of the betT2 and opuC genes in 2-79 growing
on plant roots by flow cytometry
vector

betT2

opuC

control

matric

control

matric

control

matric

gated events

42,876

37,941

42,198

38,034

46,246

39,155

FITC+ events

58

122

15,016

309

38

7,403

FITC-A (mean)

7

11

186

7

3

53

0.1

0.3

35.6

0.8

0.1

18.9

% cells expressing Gfp
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CHAPTER IV – DISCUSSION
Drought is a major stress condition that adversely affects agriculture on a global
scale, and most general circulation models predict increases in the length and severity of
droughts (IPCC, 2007). Plants respond to drought stress by activating intrinsic defense
systems that operate at both cellular and organismal levels and involve alterations in gene
expression, the accumulation of the phytohormone abscisic acid, and the synthesis of
proteins that scavenge reactive oxygen species and keep other proteins properly folded
(Osakabe et al., 2014). In addition, water-stressed plants establish beneficial associations
with rhizosphere microorganisms that help alleviate drought stress symptoms. The
mechanisms of drought tolerance in plants have received a lot of attention. In contrast,
the physiological and molecular events involved in the adaptation of rhizobacteria to low
water-content habitats have seldom been addressed, and then mostly in vitro. The missing
knowledge is critical for the rational exploitation of plant-associated microorganisms for
crop improvement and ameliorating biotic and abiotic stress associated with changing
global climate.
An overarching goal of my thesis project was to develop an experimental system
that will help to understand at the molecular level how rhizobacteria maintain
physiological activity and mutualistic interactions with their plant hosts in dry soils. I
used in my experiments P. synxantha 2-79, a strain indigenous to the rhizosphere of
wheat grown in central Washington State, and B. distachyon, a small grass native to the
Middle East and Southern Europe that is used as a model system for monocot food,
forage and turf crops. P. synxantha 2-79 exemplifies a group of beneficial rhizobacteria
that are specifically associated with wheat cultivated in arid parts of the Pacific
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Northwest (Parejko et al., 2013). This strain belongs to the Pseudomonas fluorescens
complex that encompasses an unusually high proportion of strains that inhabit the plant
rhizosphere and possess plant growth promoting and biocontrol properties. A survey of
commercial wheat fields scattered over the low-precipitation zone of the Columbia
Plateau revealed that cereals grown throughout this area support large populations of 279-like bacteria, which suppressed soilborne fungal pathogens and flourished under
dryland conditions (Mavrodi et al., 2012a). Significantly, the populations were low or
nondetectable in adjacent, irrigated wheat fields or neighboring higher precipitation areas
suggesting a specific association with plants growing in drier soils (Mavrodi et al.,
2012b).
Rhizobacteria colonize plant roots by forming biofilm-like microcolonies that are
enclosed in an extracellular matrix comprised of exopolysaccharides (EPS), proteins and
DNA (Mann & Wozniak, 2012). Such form of growth is superior under water-limiting
conditions, as flagellum-driven motility is highly dependent on the moisture status of the
environment. In hydration-controlled studies, the soil bacterium P. putida KT2440 was
able to colonize surfaces only during very wet periods (0 to -2 kPa) (Dechesne et al.,
2010), indicating that this mechanism is likely to be available only transiently in natural
habitats such as the rhizosphere. Biofilms also function to prevent desiccation and
bacteria within these multicellular aggregates are more water stress-resistant than single
cells (Monier & Lindow, 2003). The analysis of the 2-79 genome sequence revealed
pathways for the production of exopolysaccharides and surface appendages, which are
predicted to function in the aggregation and formation of biofilms. Some of these
pathways (e.g, alginate) are conserved across many species of fluorescent pseudomonads
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and known to enhance the desiccation stress tolerance (Chang et al., 2007). Other
pathways (e.g., psl aggregative exopolysaccharide and chaperone-usher fimbriae) are
more common in particular members of the P. fluorescens group and may contribute to
the differential response to soil conditions and plant hosts.
Rhizosphere microorganisms also respond to water-limiting conditions by altering
the permeability and stability of membranes, regulating the concentration of intracellular
solutes, and producing and taking up osmoprotectants that help to balance the osmotic
pressure across the cellular membrane without compromising protein folding or other
cellular processes. Like most pseudomonads, 2-79 has conserved pathways predicted to
function in the de novo synthesis of osmoprotectants N-acetyl-glutaminylglutamine
amide (NAGGN) and trehalose. This strain lacks the EctABCD ectoine biosynthesis
pathway but, like plant pathogen P. syringae pv. syringae B728a, carries a solitary
ectoine synthase gene. Interestingly, P. syringae does not synthesize ectoine in pure
culture under in vitro conditions but readily produces this osmolyte in the presence of
surface-sterilized Syringa vulgaris leaves that contain the ectoine precursor N-gammaADABA (Kurz et al., 2010). In the future, it will be interesting to determine if 2-79 is
capable of producing ectoine from plant-derived metabolites present in root exudates.
I hypothesized that the affinity of 2-79 to dryland cereals is partially mediated by
the adaptation to root exudates produced by plants under water-limiting conditions. To
test this hypothesis, I produced sterile Brachypodium root exudates and demonstrated that
they serve as an effective osmoprotectant for the water-stressed P. synxantha 2-79. The
subsequent metabolomic profiling of these root exudates revealed the presence of several
known microbial osmoprotectants, including glycine betaine, trehalose, sorbitol,
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mannitol, proline, and glutamine. Among these, only glycine betaine and the closely
related quaternary ammonium compounds (QAs) choline and carnitine provided
osmoprotection and rescued the growth of 2-79 under osmotic and matric forms of water
stress. Although the presence of QAs in plant tissues and the capacity of these
metabolites to provide stress protection and nutrients to the plant pathogens and
symbionts were reported before, our study is among the first to highlight the potential
importance of QAs for plant-microbe interactions in the rhizosphere.
Few bacteria can synthesize QAs de novo, but many will uptake them from the
chemical environment of their hosts, which is more favorable energetically and enables a
more rapid growth recovery following a decrease in water availability (Yancey et al.,
1982). It is thought that the abundance of QAs in plants reflects the prominence of
phosphatidylcholine in cellular membranes and the reliance on glycine betaine for
protection from drought and salinity stress. The importance of QAs to rhizosphere
lifestyle is evident from the extended network of pathways that function in the uptake and
metabolism of these compounds in 2-79 and related strains of the P. fluorescens group
(Figure 3.5, Appendix C). These organisms can use QAs both as osmoprotectants and
nutrients share gene clusters encoding regulators and enzymes involved in the multistep
conversion of choline and carnitine, via GB, to glycine, as well as transporters of the
BCCT and ABC families that function in the uptake of quaternary amines. Although most
of these pathways are highly conserved in other pseudomonads (including the plant
pathogen P. syringae and the opportunistic human pathogen P. aeruginosa), we identified
several genes that were variably distributed in members of the P. fluorescens group. For
example, cross-genome comparisons revealed that the number of BCCT family
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transporters in species of the P. fluorescens complex varied from one to three (Figure
4.1). In contrast, strains of P. syringae had only one BCCT transporter, while P. putida
carried up to six such genes.
Another variably present gene encoded gamma-butyrobetaine hydroxylase, an
enzyme that catalyzes the formation of L-carnitine from gamma-butyrobetaine (Figure
3.5). These variations in the number and location of QA transport and catabolic genes
also suggest the presence of strain- and species-specific differences in the arrangement of
regulatory networks that govern the uptake and catabolism of quaternary amines. We
speculate that such genetic differences represent niche-specific adaptations that allow
individual strains to exploit microniches in the rhizosphere and/or better adapt to different
soils and plant hosts.
I used bioreporter derivatives of 2-79 to show that most predicted QA transporter
genes are differentially expressed in response to water stress. These findings were further
supported by the ongoing work in the Mavrodi lab, which is aimed at the genome-wide
profiling of transcriptome responses of 2-79 to root exudates by RNA-seq (Figure 4.2). I
also conducted preliminary experiments to demonstrate that some of the QA transporter
genes are active in 2-79 during the colonization of B. distachyon. Taken collectively,
these results suggest that the ABC family transporter CbcWV is active under waterreplete conditions and allow 2-79 and other rhizosphere pseudomonads to take up the
plant-derived quaternary amines and metabolize these compounds as a source of carbon.
In contrast, the BCCT type BetT transporters and the ABC transporter OpuC are
activated under water stress and function primarily in the uptake of QAs for the purpose
of osmoprotection. Similar results were reported in opportunistic pathogens P. syringae
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and P. aeruginosa (Chen & Beattie, 2007; 2008; Wargo, 2013), suggesting that this
pattern of transporter activity in fluorescent pseudomonads represents a common strategy
of exploiting extracellular QA pools at the host–microbe interface.
Finally, the results of analytical profiling of Brachypodium root exudates provide
a glimpse into the highly complex exchange of metabolites that occurs between
rhizobacteria and their host plant. The metabolomic analysis of rhizodeposits revealed the
presence of numerous plant metabolites, including carbohydrates, sugar alcohols, amino
acids, organic acids, terpenoids, phenolics and heterocyclic compounds. I matched these
compounds against carbon metabolic profiles of 2-79 and several closely related strains
of the P. fluorescens group that were identified using the Biolog Phenotype Microarray
(PM) system (Loper et al., 2012). Over 30 carbon sources from the Phenotype Microarray
panel were present in the root exudates of Brachypodium. Some of these compounds
(several organic acids, fructose, mannose, and uridine) are catabolized by many members
of the P. fluorescens group, while others (e.g., glucuronic acid, galactose, xylose,
trehalose, arabitol, citramalic acid) are actively utilized only by certain strains and may
form the foundation for rhizosphere competence and the differential affinity towards host
plants (Figure 4.2, Appendix A).
In conclusion, the root exudates of B. distachyon contain a complex mixture of
chemically diverse plant metabolites that serve as carbon and energy sources for
rhizobacteria. The root exudates also include quaternary ammonium compounds (QAs)
that act as efficient osmoprotectants and may help rhizobacteria maintain physiological
activity and mutualistic interactions with their plant hosts in dry soils. Root-colonizing
bacteria contain an extensive set of water stress response pathways involved in the de
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novo synthesis and uptake of osmoprotectants and formation of biofilms that protect
microorganisms from desiccation. Some of these pathways are conserved across many
taxa, while others are strain-specific and may contribute to the differential affinity toward
plants growing in under different soil water regimens. Future studies will focus on the
inactivation of these pathways in 2-79 and testing of the resultant isogenic mutants for the
rhizosphere fitness under the conditions of drought stress.

Figure 4.1 The variable number of BCCT transporter genes in species of the P.
fluorescens complex and strains of P. syringae, P. putida and P. aeruginosa.
The MLSA phylogeny was established based on concatenated protein sequences of AcsA (acetyl-coA synthetase), DnaE ( subunit of
DNA polymerase III), GuaA (GNP synthase), GyrB (subunit B of DNA gyrase), MutL (DNA mismatch repair protein), PpsA
(phosphoenopyruvate synthase), PyrC (dihydroorotase), RecA (recombinase RecA), and RpoB ( subunit of RNA polymerase).
Homologs from Azotobacter vinelandii DJ were used as an outgroup. Sequences were aligned in Geneious 10.2.3 with MAFFT 7.309
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(Katoh & Standley, 2013) and the phylogenetic tree was constructed using the neighbor-joining (NJ) algorithm. Blue circles on the
tree nodes indicate bootstrap values that vary between 79.8% (smallest circle) and 100% (largest circles) .

Scheme 4.1 Schematic diagram of the predicted metabolic network for quaternary amines
in 2-79 and the seven related P. fluorescens strains.
Red numbers show transcript upregulation (log2 FC range) in cells grown in the presence of root exudates in comparison to controls
grown in basal medium supplemented with glucose. CHO – choline, CAR – carnitine, GB – glycine betaine, DHCAR – 3dehydrocarnitine, DHCAR-CoA - 3-Dehydrocarnitine CoA, DMG – dimethylglycine, SAR – sarcosine, GLY – glycine.
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Figure 4.2 Comparison of utilization profiles for 190 carbon sources generated for 2-79 and six strains of the P. fluorescens group
profiled using the Phenotype Microarrays (PM) platform (Biolog, Hayward CA).
The data used in this comparison was retrieved from Loper et al. (2012). The capacity to utilize different C sources is presented as a heatmap based on the area under the curve values after 96 h of
growth. The green, yellow and red shades indicate high, moderate, and low utilization of C sources, respectively. The highlighted compounds were present among metabolites identified in root
exudates of B. distachyon (see Appendix A).

APPENDIX A - Metabolites in root exudates from B. distachyon Bd21
Table A.1
Metabolites in root exudates
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Table A.1 (continued).
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Table A.1 (continued).

A list of metabolites released via root exudation by B. distachyon Bd21 over a period of 7 days. Numbers indicate means and standard deviations of areas under the curve (n = 5) measured by
HPLC-MS or GC-MS analyses. Color shading shows the capacity of P. synxantha 2-79 to catabolize certain compounds as a sole carbon source according to profiling with Biolog microplates.
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APPENDIX B - Amino Acid in root exudates of B. distachyon Bd21
Table B.1 The amounts of amino acids in root exudates of hydroponically grown B.
distachyon Bd21.
Amino acid

µg ± st. deviation

µg per plant ± st. deviation

Aspartic acid

291.14 ± 108.39

15.05 ± 7.45

Cysteine

132.63 ± 109.88

7.22 ± 6.23

Glutamine

23.62 ± 8.21

1.18 ± 0.44

5-oxoProline

19.36 ± 3.36

1.00 ± 0.33

Glutamic acid

13.78 ± 3.96

0.72 ± 0.31

Valine

13.28 ± 6.12

0.70 ± 0.40

Isoleucine

9.15 ± 5.26

0.48 ± 0.33

Asparagine

8.61 ± 3.10

0.43 ± 0.16

Proline

8.23 ± 7.67

0.44 ± 0.45

Leucine

6.78 ± 2.72

0.34 ± 0.15

Tyrosine

6.36 ± 2.09

0.33 ± 0.14

Phenylalanine

3.42 ± 2.11

0.16 ± 0.09

Serine

2.34 ± 0.92

0.12 ± 0.05

Alanine

2.25 ± 1.69

0.12 ± 0.10

Glycine

1.76 ± 0.70

0.09 ± 0.05

Threonine

1.57 ± 0.72

0.08 ± 0.04

Lysine

1.53 ± 1.06

0.08 ± 0.06

Arginine

0.09 ± 0.05

0.005 ± 0.003

Individual compounds were detected and quantified as described in Materials and Methods. Numbers are means and standard
deviations of four biological replicates.
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APPENDIX C - Putative pathways and homologs
Table C.1
Putative pathways in 2-79 and homologs

2-79 gene
IDa

Gene
name

Homolog in the genome of (blast e-value (% identity)): b
Predicted product function
R1-43-08

SBW25

Pf0-1

Q8r1-96

Q2-87

Pf-5

30-84

0.0 (81.3)

0.0 (83.9)

0.0 (83.9)

0.0 (83.7)

0.0 (84.6)

0.0 (85.8)

0.0 (85.4)

0.0 (85.2)

0.0 (83.4)

0.0 (84.8)

0.0 (84.8)

0.0 (84.7)

0.0 (84.3)

0.0 (84.8)

0.0 (85.6)

Pathway: trehalose biosynthesis

2756599942

0.0 (95.0)
-1,4-glucan:maltose-1-phosphate 0.0 (95.2)
maltosyltransferase (EC 2.4.99.16)
0.0 (95.6)
0.0 (94.2)
maltose alpha-D-glucosyl
transferase/-amylase (EC 3.2.1.1)
0.0 (97.2)
0.0 (93.7)
1,4--glucan branching enzyme
(EC 2.4.1.18)
2e-24 (71.4) 4e-132 (84.7)
Nucleotide-diphospho-sugar
transferase
1.6e-3 (83.3) 0.0 (77.9)
S-adenosyl-L-methioninedependent methyltransferase
0.0 (91.7)
0.0 (89.7)
LmbE family N-acetyl
glucosaminyl deacetylase
0.0 (86.9)
0.0 (87.0)
hypothetical protein

2756599943 glgX

Glycogen debranching enzyme

2756599944

Hypothetical protein

2756595247 glgE
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2756595248 treS
2756595249 glgB
2756599939
2756599940
2756599941

0.0 (97.8)
7.2e-41 (88.6)

0.0 (96.5)

9e-111 (72.8)

2e-108 (72.1)

0.0 (64.8)

0.0 (63.8)

0.0 (72.6)

0.0 (69.4)

0.0 (66.2)

0.0 (62.6)

0.0 (89.7)

0.0 (90.1)

0.0 (90.5)

1.9e-22 (54.6) 1.0e-23 (56.7) 4.0e-22 (64.6)

0.0 (62.4)

0.0 (91.2)

0.0 (88.8)

4.0e-26 (63.3)

1.0e-24 (55.6)

Table C.1 (continued).
2756599945 treY
2756599946 malQ
2756599947 treZ
2756599948 glgA

Maltooligosyl trehalose synthase
(EC 5.4.99.15)
4--glucanotransferase (EC
2.4.1.25)
Maltooligosyl trehalose hydrolase
(EC 3.2.1.141)
Starch synthase (EC 2.4.1.21)

0.0 (89.2)

0.0 (89.5)

0.0 (72.5)

0.0 (72.4)

0.0 (72.4)

0.0 (70.6)

0.0 (74.8)

0.0 (91.4)

0.0 (89.8)

0.0 (73.6)

0.0 (75.1)

0.0 (74.8)

0.0 (73.6)

0.0 (74.5)

0.0 (88.0)

0.0 (86.2)

0.0 (70.1)

0.0 (71.6)

0.0 (71.7)

0.0 (69.0)

0.0 (69.6)

0.0 (96.3)

0.0 (94.9)

0.0 (86.1)

0.0 (85.4)

0.0 (85.1)

0.0 (87.7)

0.0 (84.3)

Pathway: biosynthesis of N-acetylglutaminyleglutamine amide (NAGGN)
2756595835 ggnA

Asn synthase (Gln-hydrolyzing)
(EC 6.3.5.4)
GNAT-family acetyltransferase

0.0 (98.1)

0.0 (98.1)

0.0 (94.7)

0.0 (93.6)

0.0 (93.7)

0.0 (94.2)

0.0 (92.0)

0.0 (95.2)

0.0 (96.0)

0.0 (89.3)

0.0 (88.0)

0.0 (87.6)

0.0 (88.4)

0.0 (87.4)

2756595837

Glutamyl aminopeptidase/ M42
family hydrolase

0.0 (99.2)

0.0 (98.0)

0.0 (95.7)

0.0 (92.6)

0.0 (93.4)

0.0 (94.4)

0.0 (94.7)

2756595838

Hypothetical protein

2756595836 ggnB
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8.2e-38 (97.3) 2.9e-38 (98.7) 1.2e-38 (100) 1.7e-37 (97.3) 1.7e-37 (96.0) 6.7e-35 (90.7) 7.4e-36 (93.3)

Pathway: biosynthesis of L-ectoine
2756596854

Diaminobutyrate-2-oxoglutarate
transaminase (EC 2.6.1.76)

0.0 (87.2)

0.0 (49.0)

2756596855

Acetyltransferase (GNAT) family
protein

0.0 (96.1)

0.0 (41.7)

2756596856 ectC

L-ornithine N5-oxygenase (EC
1.13.12.-)

0.0 (92.4)

0.0 (47.7)

Table C.1 (continued).
Pathway: uptake of quaternary amine osmoprotectants
2756596780 betX

Glycine betaine/proline transport
system substrate-binding protein

0.0 (97.9)

0.0 (97.2)

0.0 (87.2)

0.0 (86.3)

0.0 (87.0)

0.0 (95.1)

0.0 (92.6)

2756596922 betT2

BCCT family transporter

0.0 (98.0)

0.0 (97.9)

0.0 (93.5)

0.0 (94.1)

0.0 (93.7)

0.0 (92.8)

0.0 (92.8)

2756597051 betT3

BCCT family transporter

2756597117 betA

Choline dehydrogenase (EC
1.1.99.1)
Betaine aldehyde dehydrogenase
(EC 1.2.1.8)
TetR family transcriptional
regulator BetI

0.0 (99.3)

0.0 (98.8)

0.0 (95.2)

0.0 (95.4)

0.0 (94.7)

0.0 (94.2)

0.0 (95.4)

0.0 (98.8)

0.0 (98.6)

0.0 (94.3)

0.0 (93.3)

0.0 (93.7)

0.0 (94.9)

0.0 (95.9)

0.0 (98.0)

0.0 (93.9)

0.0 (90.4)

0.0 (88.7)

0.0 (88.7)

0.0 (87.7)

0.0 (90.8)

0.0 (91.0)

0.0 (92.5)

2756597118 betB
2756597119 betI
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2756597120 betT1

BCCT family transporter

0.0 (98.2)

0.0 (98.2)

0.0 (92.0)

2756597121 cbcV

Glycine betaine/proline transport
system ATP-binding protein

0.0 (99.2)

0.0 (97.2)

0.0 (94.1)

0.0 (94.4)

0.0 (94.1)

0.0 (94.4)

0.0 (94.9)

2756597122 cbcW

Glycine betaine/proline transport
system permease protein

0.0 (99.6)

0.0 (98.9)

0.0 (95.4)

0.0 (95.7)

0.0 (95.7)

0.0 (95.4)

0.0 (96.1)

2756597123 cbcX

Glycine betaine/proline transport
system substrate-binding protein

0.0 (96.5)

0.0 (95.9)

0.0 (82.9)

0.0 (83.2)

0.0 (83.5)

0.0 (86.7)

0.0 (87.0)

2756597125 gbdR

AraC family transcriptional
regulator GbdR

0.0 (99.0)

0.0 (99.5)

0.0 (97.5)

0.0 (97.5)

0.0 (97.5)

0.0 (97.0)

0.0 (96.7)

2756598815 opuA

Osmoprotectant transport system
permease protein

0.0 (99.2)

0.0 (99.6)

0.0 (93.7)

0.0 (92.9)

0.0 (93.3)

0.0 (92.9)

0.0 (92.4)

2756598816 opuB

Osmoprotectant transport system
substrate-binding protein

0.0 (92.3)

0.0 (94.6)

0.0 (84.8)

0.0 (84.1)

0.0 (85.1)

0.0 (91.2)

0.0 (83.8)

Table C.1 (continued).
2756598817 opuC

Osmoprotectant transport system
permease protein

0.0 (96.3)

0.0 (99.1)

0.0 (95.9)

0.0 (95.9)

0.0 (95.4)

0.0 (98.2)

0.0 (94.4)

2756598818 opuD

Osmoprotectant transport system
ATP-binding protein

0.0 (99.2)

0.0 (97.9)

0.0 (95.9)

0.0 (94.5)

0.0 (94.3)

0.0 (94.3)

0.0 (95.8)

Pathway: catabolism of quaternary amines – conversion of carnitine to glycine betaine
2756597127 cdhB
2756597128 cdhA
2756597129 cdhC
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2756597130 cdhX
2756597131 cdhR

Acyl-CoA thioester hydrolase
(EC 3.1.2.-)
L-carnitine dehydrogenase (EC
1.1.1.108)
Hypothetical protein (DUF849
family)
Glycine betaine/proline transport
system substrate-binding protein
AraC family transcriptional
regulator CdhR

0.0 (86.0)

0.0 (89.7)

0.0 (79.4)

0.0 (75.6)

0.0 (78.7)

0.0 (77.4)

0.0 (77.4)

0.0 (95.6)

0.0 (96.0)

0.0 (94.4)

0.0 (94.4)

0.0 (94.1)

0.0 (93.7)

0.0 (95.3)

0.0 (96.9)

0.0 (98.0)

0.0 (96.6)

0.0 (95.3)

0.0 (94.2)

0.0 (95.9)

0.0 (95.3)

0.0 (92.3)

0.0 (93.9)

0.0 (87.6)

0.0 (85.3)

0.0 (85.6)

0.0 (86.0)

0.0 (87.9)

0.0 (96.5)

0.0 (95.9)

0.0 (91.4)

0.0 (88.5)

0.0 (89.2)

0.0 (89.7)

0.0 (89.1)

Pathway: catabolism of quaternary amines – uptake and conversion of choline-O-sulfate to choline
2756596241 cosE
2756596242 cosX
2756596243 cosC
2756596244 cosR

ABC transporter permease,
sulfate permease family
Glycine betaine/proline transport
system substrate-binding protein
Choline-sulfatase (EC 3.1.6.6)

0.0 (92.8)

0.0 (94.6)

0.0 (83.7)

0.0 (83.0)

0.0 (82.8)

0.0 (82.2)

0.0 (83.7)

0.0 (90.8)

0.0 (91.8)

0.0 (87.6)

0.0 (87.6)

0.0 (87.6)

0.0 (81.7)

0.0 (85.5)

0.0 (97.0)

0.0 (96.4)

0.0 (91.9)

0.0 (92.7)

0.0 (91.9)

0.0 (91.7)

0.0 (92.7)

LysR family transcriptional
regulator CosR

0.0 (90.2)

0.0 (93.4)

0.0 (79.1)

0.0 (78.8)

0.0 (79.4)

0.0 (78.1)

0.0 (78.8)

Table C.1 (continued).
Pathway: catabolism of quaternary amines – conversion of dimethyl glycine to sarcosine
2756597136
2756597137
2756597138 dgcA

2756597139 dgcB
2756597140
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2756597141

Membrane dipeptidase (EC
3.4.13.19)
Hypothetical protein

0.0 (99.1)

0.0 (98.8)

0.0 (95.4)

0.0 (98.2)

0.0 (97.8)

0.0 (93.5)

0.0 (94.2)

0.0 (98.9)

0.0 (98.3)

0.0 (98.9)

0.0 (98.3)

0.0 (98.3)

0.0 (98.3)

0.0 (98.9)

2,4-dienoyl-CoA reductase-like
NADH-dependent reductase
(dimethylglycine demethylase)
Fe-S oxidoreductase

0.0 (99.0)

0.0 (98.1)

0.0 (96.1)

0.0 (97.7)

0.0 (97.4)

0.0 (95.9)

0.0 (97.1)

0.0 (97.4)

0.0 (96.6)

0.0 (91.1)

0.0 (92.1)

0.0 (92.0)

0.0 (91.8)

0.0 (92.0)

Electron transfer flavoprotein, 
subunit
Electron transfer flavoprotein, 
subunit

0.0 (95.8)

0.0 (96.1)

0.0 (91.4)

0.0 (91.4)

0.0 (91.9)

0.0 (88.8)

0.0 (90.4)

0.0 (92.7)

0.0 (91.8)

0.0 (83.6)

0.0 (82.8)

0.0 (82.4)

0.0 (83.6)

0.0 (85.5)

Pathway: catabolism of quaternary amines – conversion of glycine betaine to dimethyl glycine
2756597143 gbcA

Rieske 2Fe-2S family protein

0.0 (98.8)

0.0 (98.8)

0.0 (96.5)

0.0 (97.2)

0.0 (97.7)

0.0 (95.6)

0.0 (95.3)

2756597144 gbcB

Ferredoxin-NADP reductase

0.0 (97.8)

0.0 (98.6)

0.0 (94.0)

0.0 (94.8)

0.0 (96.7)

0.0 (95.4)

0.0 (95.1)

Pathway: catabolism of quaternary amines – conversion of sarcosine to glycine
2756600000 souR

AraC-type sarcosine catabolism
regulator SouR

0.0 (93.5)

0.0 (91.1)

0.0 (86.6)

2756597149 glyA2

Gly/Ser hydroxymethyltransferase (EC 2.1.2.1)

0.0 (98.8)

0.0 (97.8)

0.0 (96.6)

0.0 (80.1)
0.0 (96.6)

0.0 (96.4)

0.0 (95.7)

0.0 (96.6)

Table C.1 (continued).
2756597150 soxB

Sarcosine oxidase,  subunit

0.0 (100)

0.0 (100)

0.0 (99.3)

0.0 (99.3)

0.0 (99.0)

0.0 (97.8)

0.0 (98.8)

2756597151 soxD

Sarcosine oxidase,  subunit

0.0 (98.1)

0.0 (97.0)

0.0 (90.9)

0.0 (90.9)

0.0 (91.9)

0.0 (97.0)

0.0 (91.9)

2756597152 soxA

Sarcosine oxidase,  subunit

0.0 (97.9)

0.0 (97.8)

0.0 (94.1)

0.0 (94.5)

0.0 (94.8)

0.0 (94.9)

0.0 (94.7)

2756597153 soxG

Sarcosine oxidase,  subunit

0.0 (94.3)

0.0 (93.8)

0.0 (92.8)

0.0 (90.4)

0.0 (90.9)

0.0 (90.9)

0.0 (87.6)

2756597154 purU

Formyltetrahydrofolate
deformylase (EC 3.5.1.10)

0.0 (99.6)

0.0 (99.3)

0.0 (96.1)

0.0 (96.8)

0.0 (96.5)

0.0 (94.0)

0.0 (93.3)

2756597155 fdhA1

Glutathione-independent
formaldehyde dehydro-genase
(EC 1.2.1.46)

0.0 (98.2)

0.0 (99.2)

0.0 (97.5)

0.0 (98.2)

0.0 (99.5)

0.0 (95.5)

0.0 (96.5)
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Pathway: synthesis of alginate
2756598641 algD

GDP-mannose 6-dehydrogenase
(EC 1.1.1.132)

0.0 (97.9)

0.0 (97.5)

0.0 (94.5)

0.0 (94.1)

0.0 (93.8)

0.0 (93.8)

0.0 (94.7)

2756598642 algB

Alginate biosynthesis protein
AlgB

0.0 (98.4)

0.0 (98.0)

0.0 (92.7)

0.0 (92.5)

0.0 (92.7)

0.0 (92.9)

0.0 (93.9)

2756598643 alg44

Alginate biosynthesis protein
Alg44

0.0 (99.2)

0.0 (95.9)

0.0 (85.1)

0.0 (83.0)

0.0 (82.0)

0.0 (83.8)

0.0 (85.3)

2756598644 algK

Alginate biosynthesis protein
AlgK

0.0 (98.3)

0.0 (96.5)

0.0 (85.0)

0.0 (82.8)

0.0 (81.8)

0.0 (87.1)

0.0 (86.1)

2756598645 algE

Alginate export protein AlgE

0.0 (98.0)

0.0 (94.5)

0.0 (85.1)

0.0 (82.3)

0.0 (82.4)

0.0 (86.1)

0.0 (81.0)

2756598646 algG

Poly(beta-D-mannuronate) C5
epimerase (EC 5.1.3.-)

0.0 (97.9)

0.0 (97.5)

0.0 (94.5)

0.0 (94.1)

0.0 (93.8)

0.0 (93.8)

0.0 (94.7)

2756598647 algX

Alginate export protein AlgX

0.0 (98.9)

0.0 (97.5)

0.0 (90.1)

0.0 (86.3)

0.0 (85.9)

0.0 (87.0)

0.0 (88.4)

Table C.1 (continued).
Poly(beta-D-mannuronate) lyase
precursor (EC 4.2.2.3)

0.0 (96.3)

0.0 (93.2)

0.0 (86.7)

0.0 (83.5)

0.0 (82.9)

0.0 (82.0)

0.0 (83.7)

2756598649 algI

Alginate O-acetyltransferase
complex protein AlgI (EC 2.3.1.-)

0.0 (98.8)

0.0 (98.6)

0.0 (90.4)

0.0 (90.4)

0.0 (90.4)

0.0 (91.0)

0.0 (90.8)

2756598650 algJ

Alginate O-acetyltransferase
complex protein AlgJ

0.0 (95.2)

0.0 (95.4)

0.0 (82.9)

0.0 (81.2)

0.0 (80.9)

0.0 (80.9)

0.0 (81.6)

2756598651 algF

Alginate O-acetyl transferase
complex protein AlgF

0.0 (100.0)

0.0 (95.4)

0.0 (89.9)

0.0 (87.8)

0.0 (87.4)

0.0 (86.5)

0.0 (90.8)

2756598652 algA

mannose-1-phosphate
guanylyltransferase (GDP)
/mannose-6-phosphate isomerase,
type 2

0.0 (98.1)

0.0 (97.3)

0.0 (93.0)

0.0 (94.4)

0.0 (94.6)

0.0 (94.4)

0.0 (94.0)

0.0 (61.3)

0.0 (74.9)

0.0 (67.4)

0.0 (77.2)

0.0 (52.1)

0.0 (76.9)
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2756598648 algL

Pathway: synthesis of the Psl exopolysaccharide
2756600784 pslA

Undecaprenyl-phosphate glucose
phosphotransferase

0.0 (87.4)

0.0 (83.1)

0.0 (36.6)

2756600785 pslB

mannose-1-phosphate
guanylyltransferase /mannose-6phosphate isomerase

0.0 (92.7)

0.0 (87.4)

0.0 (58.3)

2756600786 pslC

rhamnosyltransferase

0.0 (77.4)

0.0 (83.8)

2756600787 pslD

polysaccharide export protein

0.0 (42.2)

2756600788 pslE

uncharacterized
exopolysaccharide biosynthesis
protein

0.0 (54.1)

3.8e-29 (38.8) 5.4e-28 (38.0)

0.0 (57.5)

0.0 (57.7)

0.0 (78.5)
0.0 (48.6)

0.0 (78.3)

Table C.1 (continued).
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2756600789 pslF

glycosyltransferase cell wall
biosynthesis

0.0 (64.2)

0.0 (66.2)

0.0 (63.3)

0.0 (82.8)

2756600790 pslG

beta-xylosidase

0.0 (53.5)

0.0 (51.7)

0.0 (51.3)

0.0 (76.4)

2756600791 pslH

glycosyltransferase cell wall
biosynthesis

0.0 (57.0)

0.0 (61.2)

0.0 (75.7)

2756600792 pslI

glycosyltransferase cell wall
biosynthesis

0.0 (53.3)

0.0 (55.2)

0.0 (72.9)

2756600793 pslJ

O-antigen ligase-like membrane
protein

0.0 (53.9)

0.0 (54.6)

0.0 (83.5)

2756600794

acetyltransferase-like isoleucine
enzyme

0.0 (59.9)

0.0 (72.9)

2756600795 pslK

peptidoglycan biosynthesis
protein MviN/MurJ (putative
lipid II flippase)

0.0 (66.4)

0.0 (76.9)

4.1e-23 (31.6)

4e-23 (31.6)

0.0 (64.7)
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APPENDIX D - Bacterial strains and plasmids used in this study
Table D.1
Bacterial strains and plasmids used in this study.
Strain, plasmid or

Description a

Reference or
source

oligonucleotide primer
P. synxantha 2-79

Wheat rhizosphere isolate from Lind,

(Weller, 1983)

WA. Rifr
P. brassicacearum

Wheat rhizosphere isolate from

Q8r1-96

Quincy, WA. Rifr

P. protegens Pf-5

Soil isolate from Texas; Rifr

(Raaijmakers &
Weller, 2001)
(Howell &
Stipanovic, 1979)

Escherichia coli DH5α

F- φ80lacZΔM15 Δ(lacZYA-argF)
U169 recA1 endA1 hsdR17 (rk-, mk+)

New England
Biolabs

gal- phoA supE44 λ- thi-1 gyrA96
relA1
Plasmids
pPROBE-TT

Broad-host-range promoter probe
vector with gfp gene, Tetr

pPROBE-TT-betT1

pPROBE-TT derivative with

(Miller et al.,
2000)
This study

PbetT1::gfp transcriptional fusion, Tetr
pPROBE-TT-betT3

pPROBE-TT derivative with

This study

PbetT2::gfp transcriptional fusion, Tetr
pPROBE-TT-betC

pPROBE-TT derivative with

This study

PbetC::gfp transcriptional fusion, Tetr
pPROBE-TT-cbcX

pPROBE-TT derivative with

This study

PcbcX::gfp transcriptional fusion, Tetr
pPROBE-TT-opuC

pPROBE-TT derivative with
PopuC::gfp transcriptional fusion, Tetr
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This study

Table D.1 (continued).
pPROBE-TT-algD

pPROBE-TT derivative with

This study

PalgD::gfp transcriptional fusion,
Tetr
pPROBE-TT-pslA

pPROBE-TT derivative with

This study

PpslA::gfp transcriptional fusion, Tetr
pPROBE-TT-eps

pPROBE-TT derivative with Peps::gfp

This study

transcriptional fusion, Tetr
pPROBE-TT-ggnB

pPROBE-TT derivative with
Pnaggn::gfp transcriptional fusion, Tetr

a Rifr, rifampicin resistance; Tetr, tetracycline resistance.
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This study

APPENDIX E – Oligonucleotides used in this study
Table E.1
Oligonucleotides used in this study.
Oligonucleotide
betT1F

Description a
5’- AGGAATTGGGGATCGGATGCATACCGACCTTGGGCA
TG-3’; upper primer for amplification of the betT1 promoter
region; Tm 73.8°C

betT1gfp

5’- GTTAATCTTTAGTTAGTTAGGGTATAAGAGAGGCAGA
ACTCATGGC -3’; lower primer for amplification of the betT1
promoter region; Tm 66.8°C

betT2F

5’- CAGGAATTGGGGATCGGAGGCTCGACCATTGGCGGT
AATG-3’; upper primer for amplification of the betT2 promoter
region; Tm 74.5°C

betT2gfp

5’- GTTAATCTTTAGTTAGTTAGGGTGTTGCGGTATAGCG
ATGACGG-3’; lower primer for amplification of the betT2
promoter region; Tm 68.5°C

betCF

5’- CAGGAATTGGGGATCGGAGGTCTTGCTGGGAGATGG
CGAC-3’; upper primer for amplification of the betC promoter
region; Tm 75.4°C

betCgfp

5’- GTTAATCTTTAGTTAGTTAGGGGCGGCGAGGCGACTG
AGGTTGG -3’; lower primer for amplification of the betC
promoter region; Tm 73.0°C

cbcXF

5’- CAGGAATTGGGGATCGGACTTGAACGAGGTGCTACG
CTCAG -3’; upper primer for amplification of the cbcX promoter
region; Tm 73.8°C

cbcXgfp

5’- GTTAATCTTTAGTTAGTTAGGGGGAGAAATTGACGGT
CTTGCAC -3’; lower primer for amplification of the cbcX
promoter region; Tm 67.7°C
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Table E.1 (continued).
opuCF

5’- CAGGAATTGGGGATCGGAGGTCGGATTTGCGCGATT
TCAC -3’; upper primer for amplification of the opuC promoter
region; Tm 73.7°C

opuCgfp

5’- GTTAATCTTTAGTTAGTTAGGGACTAGGACGAGAA
TCAGATGAGC -3’; lower primer for amplification of the opuC
promoter region; Tm 73.7°C

algDF

5’- CAGGAATTGGGGATCGGACGATTGCGGTATTTCAG
TCAAC -3’; upper primer for amplification of the algD promoter
region; Tm 71.1°C

algDgfp

5’- GTTAATCTTTAGTTAGTTAGGGGACAGGCAACCGGC
ACAGAC -3’; lower primer for amplification of the algD
promoter region; Tm 70.2°C

pslAF

5’- AGGAATTGGGGATCGGAAACTTCTAAGCACTGCACA
TC -3’; upper primer for amplification of the pslA promoter
region; Tm 71.1°C

pslAgfp

5’- GTTAATCTTTAGTTAGTTAGGGCAACGAAACCGGGA
CGAGTC -3’; lower primer for amplification of the pslA promoter
region; Tm 68.9°C

epsFF

5’- CAGGAATTGGGGATCGGAGTGCGACCGTCAGAACCA
TTAC -3’; upper primer for amplification of the eps promoter
region; Tm 73.0°C

epsFgfp

5’- GTTAATCTTTAGTTAGTTAGGGGTATTCCTTGCGGCT
CGATTG -3’; lower primer for amplification of the eps promoter
region; Tm 67.7°C

naggnF

5’- CAGGAATTGGGGATCGGAGACCATCCAGCCGGGCA
ACC-3’; upper primer for amplification of the naggn promoter
region; Tm 76.5°C
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Table E.1 (continued).
naggngfp

5’- GTTAATCTTTAGTTAGTTAGGGGGCGAGGTGATGGG
TGATGC -3’; lower primer for amplification of the naggn
promoter region; Tm 70.1°C

pPROBEgfpR

5’- CACCTTCACCCTCTCCACTGAC -3’; reverse sequencing
primer for pPROBE-TT-based plasmids; Tm 61.4°C

pPROBEgfp

5’- CACCTTCACCCTCTCCACTGAC -3’; reverse sequencing
primer for pPROBE-TT-based plasmids; Tm 61.4°C

PME6010TET1

5’- CCTCCTGCGCGATCTGGT -3’; upper primer for screening
pPROBE-TT-carrying clones; Tm 68.5°C

PME6010TET2

5’- AAATGCGGCAAGCGAAAT -3’; reverse primer for
screening pPROBE-TT-carrying clones; Tm 66.3°C

a

Tm, melting temperature calculated by Oligo 7.60 Primer Analysis Software.
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